Following the ideas of De Bono on how the human mind works, this paper discusses how mistakes are made and how mistakes are found, and applies these ideas to structural engineering practice and failure experience.
INTRODUCTION '
To err is human, to forgive divine. z AT THE RECENT Rigi workshop on quality assurance (Schneider, 1983) , it was agreed that people are the most important elements of the building process and that human factors are the most important factors in preventing structural failure. This paper explores some ideas (De 1971 , 1976 ) on how the mind works, how it makes mistakes and how mistakes are found, and applies some of these ideas to failure experience. Can we do better by knowing more about ourselves? THE MECHANISM OF MIND Like anything else, the mind can be modelled. A model is a simplified representation of a system in our minds that never quite fits reality, but may be useful because it is something we understand and can manipulate and, in so doing, increase our understanding of the system. Science and engineering are full of such models.
The mind is a system that processes information. De Bono (1971) suggests mechanical models of the mind based on the concept of thinking as a mecha-*Repnnted with permission of Am. Soc. of Civil Eng. from the Proceedmgs of Workshop sponsored by NSF, Modelmg Human Error m Structural Design and Construction Approved for publication by CO Dm./ASCE, Ann Arbor, MI, June 4-6, 1986. nism of activation of a special memory-surface and of flow of activation across it. One of these models consists of jelly which has a flat surface at birth and onto which drops of hot water, representing information from the environment, are spooned in a pattern sequence. The water melts the jelly, forming depressions on the surface. Water subsequently spooned onto or adjacent to a depressed area flows into it and deepens it; thus incoming information is affected by the information already assimilated and reinforces certain parts of it. In this way, a special memory-surface is built up. Even when no information is coming in, there is a flow of activation (i.e., water) across the memory surface in accordance with the contours formed by the depressions ; this flow in turn deepens the channels of flow and increases the rate of flow. This flow may pause briefly in a depression, displaying a pattern in the conscious mind.
The sculpted surface of the jelly corresponds to long-term memorythings recalled if we jog our memory. Short-term memory-things we forget after a while-is represented on the jelly surface by wetness left over from recent drops of information from the environment which have not yet evaporated but which may be reactivated by a connected pattern of thought. Occasionally the wet spots in high areas can open up a new channel and pattern of thought, but it gets more difficult if the valleys are deep.
One property of the jelly model is that the activation or water covers a small finite area of the memory surface at any one time (concentration property) ; this applies to handling incoming information as well as thinking or activation flow. If, for example, a confusion is presented, the mind will only pick out patterns that it can deal with. On the other hand, if a word is presented, it will trigger a whole pattern on the memory surface. Another property of the model is that the attention area triggered determines, by its contours, the subsequent flow of activation (flow property); the sequence of incoming information therefore makes a difference to the pattern of thinking established. A third property of the model is that existing patterns get more firmly established through repetition and it becomes more difficult to establish new patterns from the incoming information (familiarity property); only when the gap between the pattern established on the memory surface and the environment is large will the pattern get changed. Finally, activation flow links patterns together into unified patterns which lose some of the detail but gain in generality (abstraction property). It is this property of the human mind that makes it so powerful. Words, for example, are named abstract ideas and sentences are a connected flow of named abstract ideas.
The familiarity property of the mind (firmly established patterns) allows it to deal with situations quickly, but also leads to thinking mistakes. The ability of the mind to trigger a pattern and flow from only a clue from the environment or a word leads to guessing mistakes. Despite these faults, the hu-man mind is very good at processing information (mainly by eliminating most information as useless and by simplifying and generalizing the rest into established patterns), but it is not good at storing it. The computer, on the other hand, is good at storing information but not good at processing it.
An important feature of the mind is emotional bias, which affects thinking in response to internal needs such as hunger. This biasing factor tends to trigger patterns on the memory surface (such as food) and subsequent flow related to the internal need. I believe that motivating factors such as dissatisfaction, curiosity and fear of failure act as internal biasing factors in the same way as hunger and are therefore very important factors in the thinking process.
The mechanism of mind is summarized by the following quote from p. 151 from De Bono (1971) :
The behavior of the special memory-surface is pretty effective. It can select and it can ignore. It can fragment into units or create new units out of fragments.
It can extract patterns from confused material and it can abstract standard patterns from material that shows variation. It can represent complete patterns with a symbol and it can elaborate a symbol into a complete pattern. All this adds up to a remarkable information processing system. But the system also has its limitations. These limitations are inseparable from the advantages, since they are the advantages looked at in a different way. For instance the ability to establish firm patterns implies that changing a pattern may be very difficult. The ability to create new patterns means that these new patterns may be regarded as really existing in the environment when in fact they do not.
PRACTICAL THINKING
The basic biological purpose of thinking is to enable a living organism to survive by getting the things it needs and keeping clear of the things that are dangerous. Humans have become very good at this compared to other creatures, so much so that we now elevate this activity to more creative interests such as music. For everyday practical concerns, however, it is basically a matter of knowing what to do about a situation that confronts us. There are three basic practical thinking processes for doing this: instinct (a prewired reaction to the environment), learning either first hand or second hand, the result of which is do/don't rules), and understanding. For structural design and checking, learning is important, but understanding is most important.
Understanding is a thinking process that changes a new and unfamiliar situation into one or more familiar ones that we can handle. It involves a process of going from one idea to another, or puzzling over it; such a pattern flow has already been described by the jelly model. Some of the advantages of the understanding process are: (1) it can be explained to others; and (2) it converts many new situations into a few familiar ones, i.e., it multiplies knowledge. In structural analysis, for example, the stucture is broken down into component models simplified in the mind, each of which we can deal with using a few basic principles taught to us in school. Some of the disadvantages of understanding are: (1) one is limited to the ideas available on the memory surface;
(2) it is personal and subjective and, therefore, (3) it distorts reality. These disadvantages are unavoidable and arise from the properties of the human mind described above. Understanding is still the best tool around, and often the only tool, for dealing with practical questions such as diagnosis of failure, structural design and checking. Diagnosis is trying to understand a situation that does not work. Design, on the other hand, is creating a situation (from images on the memory surface) and trying to understand (checking) whether it will work. The same thinking process of understanding applies to both.
MAKING MISTAKES
Mistakes cannot be avoided because they arise directly from the way the mind works. A useful experiment to show the errors in the thinking process is to try to do things in a great hurry. More mistakes occur because our actions are based on internal patterns triggered off by incomplete information-no time to puzzle over it and fully understand it. As we have more time to think, we make fewer mistakes. Given enough time, however, we still make mistakes. This occurs either because we are distracted by something else or because the information is incomplete. The memory surface provides ideas to replace the missing information so as to arrive at an explanation that is needed to take action. De Bono (1976) describes the following types of mistakes: Monorail Mistake. This occurs when you follow along a single track from one idea to another ignoring the qualifying factors that make the idea work. An example is the importation of rabbits to Australia because they provide good sport hunting, without consideration of their control. Magnitude Mistake. Here one looks at the named idea but not the magnitude. Children often make magnitude mistakes, as do people confronted with a situation for which they have no experience. Mis-fit Mistake. Something is recognized as familiar which in fact is not so; the idea is based on the perception available which does not fit reality. An example is catching up to a stranger from behind who you think you know. I made a mis-fit mistake when greeting the identical twm of an old friend of mine. Mis-out Mistake. One considers only part of the situation and yet reaches conclusions that apply to the whole situation. What happens is that either atten-tion is paid only to a part of the information, or only part of the information is available and one is not aware that there is additional information that changes the situation. Examples include missing a turnoff while driving because your mind is elsewhere or being unaware of egg on your face. Must-be Mistake. A conclusion reached by available perception is fixed by arrogance. Part of the reason for this is that we are taught in school that &dquo;being right&dquo; is good (pass) and so &dquo;being wrong&dquo; is bad (fail). This is not really a type of mistake but an inability to find one and correct it.
To summarize, practical thinking involves coming to a conclusion before it can actually be checked out. Being right is a feeling of being right (not a fact) because this is what one acts upon. You make a mistake because you feel you are right; it is not deliberate.
FINDING MISTAKES
The best way to recognize mistakes (and correct them) is to develop thinking tools for this purpose. In order to find mistakes, one pays attention to the situation and looks for clues which generate ideas; gradually, one comes to an understanding that there is a mistake. Attention. A basic property of the mind is that one cannot pay attention to everything. What one does when confronted with a situation that is complex is to carve out areas of attention: (1) in space, paying attention to a part or a feature of the whole picture; (2) in time, paying attention only to part of a sequence of events; and (3) in depth, paying attention only to some details.
Clues. Having carved out an attention area, one then looks for clues. Clues are specific features of the attention area that generate possible ideas. Ideas are simple patterns or concepts on the memory surface which one can manipulate to come to an explanation. There are generally many clues that can generate many ideas and hence, many explanations. This is not useful. Also, some of the ideas do not make sense. What one does is shuttle back and forth between ideas in the mind and clues (and sometimes attention areas) in the environment in search of a set of ideas or a concept that provides an explanation that makes sense. Clues are therefore used not only to generate ideas, but to confirm some and eliminate others. Diagnosis, for example, is based on this approach.
In practical situations, one searches for a simple set of ideas or a concept that makes sense and explains the situation sufficiently well; inevitable, this will distort the real situation somewhat. Usually the distortion or mismatch does not affect the result since the explanation is near enough, but sometimes the mismatch is great and this can happen if significant clues are overlooked or if one comes to a single explanation too hastily.
Finding mistakes therefore involves shuttling back and forth between ideas and clues and attention areas. Previous experience with similar situations is very helpful because it provides ideas on the memory surface as well as experience with this type of thinking process. Imagination, the ability to access images, patterns or ideas on the memory surface and to move from one to another, also helps. Searching for &dquo;hazard scenarios&dquo; is useful in this regard for design checking.
Often the human mind is not very forthcoming, however. In fact some of the best thinking occurs when you are not trying to think about the situation but about something else, for example, while driving or jogging. De Bono describes thinking tools to help generate this type of &dquo;lateral&dquo; thinking.
Communication also helps find mistakes because one makes use of more than just one memory surface, i.e., more than one database of experience; after all, one can only generate the ideas that are available. Taking your design to the person next door often finds mis-out mistakes. Taking your ideas to experts outside your area helps avoid monorail mistakes.
One of the difficulties of communication is disagreement. This often occurs because the initial attention areas are different; recall that the choice of attention area determines the thinking (flow of activation) that follows. It would be very surprising if two people starting with different attention areas ended up with the same conclusion. Instead of denying the existence of one or other viewpoint, it is better to compare initial attention areas (starting points, assumptions) and see where they lead to. Connections can often be made and the two viewpoints improved into one. ' 
FAILURE EXPERIENCE
A quick review of failure experience indicates that all types of mistakes occur. Moreover, usually a number of people are involved in each failure, each making a different type of mistake. Finally, these mistakes are often found in time if the people unknowingly making them communicate with each other.
For example, the falsework supporting a bridge under construction collapsed because of a monorail mistake by the contractor (who did not understand a quallifying factor that made the falsework design work in a previous application but not in the one that failed), combined with a mis-out mistake by the bridge engineer (who did not pay full attention to the falsework design), engendered by a lack of communication between the two.
Monorail mistakes often occur when a change is not communicated to those on the project team who understand the qualifying factors that make the changed situation work. Changes often have ramifications beyond the direct solution of the problem that brought them about.
Mis-out mistakes due to lack of attention in space occur when only part of the structure is given attention (e.g., main members and not certain details), or when the structure or detail is looked at in one direction but not in another (three-dimensional problem). Sometimes no one steps back and looks at a whole project.
Mis-out mistakes due to lack of attention in time occur when attention is given to the design of a structure as a finished object but not to how it will be put together, how it will be inspected during use, or how it will be disposed of at the end of its use. A lack of construction plan figures prominently in many construction collapses.
Magnitude mistakes sometimes occur during construction. In one case, formwork removal was based on visual appearance and the hardness of the concrete was determined by stabbing it with a reinforcing bar. Inadequate construction procedures or unclear drawings generate such mistakes. Even mis-fit mistakes occur. In one case, engineers incorrectly diagnosed failure of flimsy tabs supporting a heavy ceiling to corrosion.
Clues are sometimes neglected. Sometimes the clues are obvious, such as a partial failure that is disregarded. Sometimes concerns expressed by nonexperts about safety are not taken seriously. Failure to apply lessons from previous failures falls into this category.
Sometimes must-be mistakes occur because people are &dquo;dazzled&dquo; by someone's reputation to the point of uncritical acceptance of his advice.
Finally, the use of simple concepts in design and construction procedures is important in preventing the generation of mistakes. The reason is that the human mind (not only the one that conceived it) can understand why it works.
